Abstract Cr(VI) is most toxic heavy metal and second most widespread hazardous metal compound worldwide. Present work focused on Cr(VI) reduction from synthetic solutions and polluted samples by Achromobacter xylosoxidans SHB 204. It could tolerate Cr(VI) up to 1600 ppm and reduce 500 ppm with 4.5 chromium reductase enzyme units (U) having protein size 30 kDa. Changes in morphology of cells on interaction with Cr(VI) metal ion was also studied using SEM-EDX and FTIR. Microcosm studies in pollutant samples for Cr(VI) reduction and adsorption isotherm with biomass of bacterium was best fitted with Langmuir model along with kinetic studies. This study focuses on significance of Cr reduction from synthetic solutions and polluted samples by A. xylosoxidans SHB 204 and its potential for bioremediation.
Introduction
Release of untreated effluents containing chromium (Cr) and other heavy metals in industrial effluents creates environmental pollution [1] . High concentrations of Cr in polluted samples enters human body through food chain creating carcinogenic, mutagenic and other tissue damaging effects and health hazards [2, 3] . Physico chemical methods practiced in heavy metal remediation fail to remove low concentrations of Cr in effluents [4] . Therefore biological methods such as biosorption, bioaccumulation, biomineralisation, bioleaching, enzymatic removal etc. are looked as options for removal of Cr in effluents and soil [5, 6] . These methods are advantageous due to low cost, insitu application, regeneration of biosorbents and easy waste disposal etc. Microbial reduction of toxic Cr(VI) to nontoxic Cr(III) is by extracellular and intracellular enzymes. Cr(VI) is used as terminal electron acceptor in membrane bound anaerobic respiration of bacteria. Uptake of metal ions by bacteria is due to complexation, ion exchange, adsorption and precipitation [7, 8] . Bacterial biomass is efficient in adsorption of heavy metal ions, consequently adsorption time and design of metals onto adsorbents are known from fitness of kinetics models [9] . Most of the literature supports Langmuir and Freundlich models as the best models for metal adsorption studies. Objective of the current study was to evaluate the ability of Cr(VI) tolerant Achromobacter xylosoxidans SHB 204 in reducing Cr from synthetic solutions and its possible removal from polluted environment.
Materials and Methods

Isolation and Identification of Heavy Metal Resistant Bacteria
Heavy metal contaminated samples like soil (Industrial area Balanagar, Hyderabad), sludge (paint and steel industry of Jeedimetla Hyderabad), drainage water (pharma industries, Patancheru, and Katedan industrial areas Hyderabad) were collected and subjected to liquid enrichment culturing by taking 10 gm or 10 ml in a total volume of 100 ml distilled water with addition of heavy metals like Cr, Ni, Pb 100 ppm each together in 250 ml conical flasks and kept for incubation at 37°C, 200 rpm for 7 days. Samples from each flask were serially diluted and inoculated onto nutrient agar (NA) plates amended with Cr(VI) metal ion (100-2000 ppm). Morphologically similar colonies growing at highest concentration of Cr containing plate were picked and purified by re streaking on similar metal ion plates. About 50 colonies were selected randomly and sub cultured onto NA slants and preserved in refrigerator for further evaluation. Each colony was studied for its Cr resistance in broth culture by measuring its growth (turbidity) at different Cr concentrations. Isolate (SHB 204) growing at highest Cr concentration (1600 ppm) was selected for further detailed evaluation. Selected bacterium was identified by staining, morphological, cultural, microscopy, biochemical and 16srRNA sequencing. Biochemical tests such as indole, methyl red, Voges proskauer, and citrate utilization and other biochemical profile of bacterium was determined using Bergys manual of determinative bacteriology [10] .
Molecular Characterization by 16S rRNA Sequencing
Selected isolate SHB 204 was characterized to species level by 16S rRNA sequencing. Pure bacterial colony was picked up with a sterile toothpick, and suspended in 0.5 ml of sterile saline in 1.5 ml eppendorf tube, centrifuged at 10,000 rpm for 10 min, supernatant was removed; the pellet was suspended in 0.5 ml of Insta Gene matrix (BioRad, USA). This mixture was incubated at 56°C for 30 min and then heated at 100°C for 10 min. After heating, sample was centrifuged as above and supernatant was used for PCR. This sample was run on 0.8% agarose gel and band was observed.
PCR and Purification of PCR Products 1 ml of template DNA was added in 20 ll PCR reaction solution and 27F/1492R primers were used, and then 35 amplification cycles was performed at 94°C for 45 s, 55°C for 60 s and 72°C for 60 s. Positive control (E. coli genomic DNA) and a negative control in the PCR was included. Unincorporated PCR primers and dNTPs from PCR products were removed by using Montage PCR clean up kit (Millipore).
Sequencing
Purified PCR products were sequenced using 2 primers (27F-AgA gTT TgA TCM TGG CTC Ag, 1492R-TAC ggY TAC CTT gTT ACg ACT T), (518F-CCA gCA gCC gCg gTA ATA Cg, 800R-TAC CAg ggT ATC TAA TCC) with Big Dye terminator cycle sequencing kit. Sequencing products were resolved on automated DNA sequencing system (Applied BioSystems, model 3730XL, USA). (This part of work was done with help of MACROGEN international corporation, Korea). Sequence procured was analysed using BLAST tool. Phylogenetic tree was constructed using Mega 4 software. 16S rRNA sequence was submitted to EMBL nucleotide sequence submission and accession number received.
Hexavalent Chromium Reduction by A. xylosoxidans SHB 204 Under Aerobic and Anaerobic Conditions 250 ml flasks containing 100 ml nutrient broth with Cr(VI) (100 ppm) were inoculated with 2% overnight grown SHB 204 bacterium (OD 0.6) and incubated at 37°C, 200 rpm for 24-72 h. Similarly anaerobic culturing was done in sealed 180 ml serum vials without shaking. 1 ml samples were drawn at every 12 h interval, Cr(VI) concentration and extracellular chromium reductase enzyme activity were determined. Concentration of remaining Cr(VI) was determined by atomic absorption spectrophotometer (AAS) (A Analyst, 700, Perkin Elmer). Samples for AAS were processed by treating with 5% nitric acid, followed by filtration (Wattman No. 41) [11] . For enzyme activity 200 ll culture supernatant was added to 1.0 ml 1 mM K 2 Cr 2 O 7 (0.2 M phosphate buffer pH 7.4), incubated for 15 min at 37°C, 1 ml TCA (30%) was added to stop enzyme reaction. Tubes were cemtrifuged and OD of supernatant was determined at 540 nm. K 2 Cr 2 O 7 without enzyme served as control. One unit of Cr(VI) reductase activity is defined as decrease in 1.0 lM Cr(VI) ml -1 -min -1 at 37°C, protein content in enzyme solution was determined by Bradford method [12] .
Chromium Reductase and Partial Purification
Overnight culture (100 ml) of A. xylosoxidans SHB 204 was centrifuged and supernatant was used for extracellular enzyme as described earlier. Cell pellet suspended in Tris buffer (40 ml, 10 mM, pH 7) lysed using French press (TS-series 0.75KW, Constants System UK) at 30 kV. Cell lysate was centrifuged (4000 rpm, 10°C, 10 min) pellet and supernatant were separated; pellet was suspended in 10 ml Tris buffer. Each 10 ml (Extracellular/pellet/supernatant) was added with10 ppm Cr(VI) and incubated at 37°C, 200 rpm for 6 h and analyzed for decrease in Cr(VI) content and enzyme activity [12] . Enzyme purification was done by ammonium sulfate (20-80%) precipitation, dialysis and gel filtration (Sephadex G-50) [13] . Molecular weight of enzyme was determined by 12% SDS-PAGE at a run time of one and half hour (Mini gel cassette, Biorad tetra pack, Coomassie briliant blue R-250) [14] .
Scanning Electron Microscopy (SEM)-Energy Dispersive X-ray Spectroscopy (EDS) and Fourier Transform Infra Red Spectroscopy Analysis
Cell pellet of 24 h grown SHB 204 was shaken with 100 ppm Cr(VI) for 72 h, centrifuged, pellet was ethanol washed (10-100%), observed under SEM (ZEISS, model EVO 18, dept physics, OU) and analyzed with EDS [15] . Functional groups and chemical nature of the extracted compounds was detected using FTIR. Lyophilized active dry samples were crushed with KBr into thin pellet with a pressure of 5-6 tons cm -2 with the help of hydraulic press and analyzed on Shimadzu UV FT-IR spectrometer in the wave range 4000-400 cm -1 . Surface changes of treated and untreated cells were observed [16] .
Microcosm Studies of the Sludge, Sewage and Tannery Samples by A. xylosoxidans SHB 204
Patancheru industrial area outlet, Jeedimetla pharma industry, Katedan area where textile, printing, dyeing wastes were dumped was selected for collection of sludge, sewage and tannery samples. Samples collected in sterile bottles were processed within 6 h. Chemical analysis was done at Institute of preventive medicine (IPM), water analysis center, Hyderabad. Processed samples were amended with additional Cr(VI) to make it 100 ppm. To these samples overnight grown 2% SHB 204 inoculum, pellet of same strain (1 g/100 ml) and 50% crude enzyme (v/v) (SHB 204) were added separately to 250 ml flasks containing 100 ml pollutant samples and incubated at 37°C, 200 rpm for 72 h. Samples (2 ml) were drawn at regular intervals and observed for decrease in Cr(VI) content and Cr reductase enzyme activity.
Adsorption Isotherms and Kinetics by Modeling
Langmuir model and first and second order rate kinetics were used and found to be suitable to design the method [17, 18] .
Statistical Analysis
All experiments were performed in triplicates, twice at different occasions. Mean values of different variables were calculated and compared using two way ANOVA without replication to indicate any significance between variables. The result was considered significant if p B 0.05.
Results and Discussion
Isolation and Identification of Heavy Metal Resistant Bacteria
Toxic metal resistant bacteria were isolated by enrichment culturing from soil and water samples collected from varied polluted locations. One isolate labeled as SHB 204 was selected from 50 isolates which was able to grow on high concentrations (1600 ppm) of Cr(VI) (data not shown). It is reported that Pseudomonas aeruginosa and Serratia marcescens were tolerant to 200 ppm and 150 ppm Cr(VI) respectively [19] . Isolate from tannery effluent (Pseudomonas, aeromonas, micrococcus), Bacillus sphericus is reported to be tolerant to 800 ppm Cr(VI) [20, 21] . In comparison SHB 204 bacterial strain is found to be promising tolerance for Cr(VI). Isolate SHB 204 was Gram negative rod shaped bacterium, biochemically indole and methyl red negative and Voges proskauer and citrate utilization positive. The identity of SHB 204 bacterium was determined by 16S rRNA gene sequence analysis and gel image of the amplified sequence is shown in (Fig. S1 ). Strain SHB 204 showed 98% gene sequence similarity with Achromobacter xylosoxidans, which was analyzed using EZ-taxon database and also by phylogenic tree construction using MEGA version 4.0 (Fig. 1) . Sequence of isolate had 1440 bp and deposited in the EMBL-Genbank database through BLAST (http://www.ncbi.nlm.nih.gov/ BLAST) [22] with the accession no. LN610698.
Hexavalent Chromium Reduction by A. xylosoxidans SHB 204 Under Aerobic and Anaerobic Conditions
Achromobacter xylosoxidans SHB 204 reduced 100-500 ppm (total reduction) Cr(VI) with the production of 0.5-4.5 U Cr reductase enzyme in 24-72 h under aerobic conditions. In anaerobic conditions 48% of (10-100 ppm) Cr(VI) reduction was observed with 1.5 U Cr reductase (Fig. S2a and S2b) . Previous studies showed that rhizobacterial strain 39 was able to reduce 15 ppm of Cr from synthetic solutions [23] , P. aeruginosa could tolerate and reduce Cr(VI) up to 75 ppm [24] . Microbacterium sp. MP30 grew aerobically in the presence of 15 mM Cr but could not reduce it. However it reduced 100 lM Cr under anaerobic conditions [25] . A halophilic Nesterenkonia sp. MF2 was tolerant to 600 mM Cr and completely reduced 200 lM Cr(VI) in 24 h under aerobic condition [26] . There are reports on anaerobic reduction of Cr(VI) to Cr(III) by Achromobacter sp. [2] where as very fewer reports are observed for the reduction of Cr(VI) under both aerobic and anaerobic conditions. In comparison, our isolate SHB 204 showed better Cr(VI) reduction in both aerobic and anaerobic conditions.
Chromium Reductase and Partial Purification
Cr reductase activity of A. xylosoxidans SHB 204 in whole cell, cell free extract and cell wall was observed. Cr reduction and enzyme activity in extracellular medium was high (55%, 5.8 U) ( Table 1) . Purification profiling of chromium reductase process reveals that crude enzyme was 18.33 U/mg, as the purification steps such as dialysis and gel filtration were carried out enzyme activity was improved by 30 U/mg. Partially purified enzyme protein run on 12% SDS-PAGE was compared with controls as reported in literature and the isolate A. xylosoxidans SHB 204 showed protein expression on 30 kDa corresponding to Cr reductase enzyme [27] (Fig. S3 ).
SEM and EDS Study and FTIR Analysis
Ultra structure of 100 ppm Cr treated and untreated A. xylosoxidans SHB 204 cells were observed in SEM ( Fig. S4a and S4b ). These observations reveal that Cr untreated cells appeared regular in shape with smooth surfaces and Cr treated cells appeared slightly bulged and precipitated amorphous particles were found to be present adhered on the surface. These observations indicate effective binding of metal ions by cell wall component of this Gram negative bacterium. Similar observation is seen in a study, which showed that alteration in morphology of (Bacillus sp. ES 29) cells take place on exposure with Cr metal ion [28] . In FTIR analysis surface characterization of cells with and without chromium treatment revealed that mode of Cr(VI) uptake by cells is extracellular and cell wall consists of chemical functional groups which play important role in biosorption. Bands observed at 3736-3904 and 3416 cm -1 are indicative of hydroxyl and Cytoplasmic protein 14 ± 0. asymmetric stretching of amines of proteins on the bacterial surface. The peaks at 1200-900 cm -1 was observed due to stretching vibrations of C-C, C-O-C and CO characteristic of carbohydrates exopolysacharide (EPS), thus presence of EPS component could also be the reason for metal absorption [29] (Fig. S5a and S5b ).
Microcosm study of Sludge, Sewage and Tannery Samples Using A. xylosoxidans SHB 204
To evaluate Cr reduction by A. xylosoxidans SHB 204, microcosm studies were carried out to evaluate metal reduction/removal from sludge, sewage and tannery samples. Physicochemical examination and metal ion concentrations (Cr, Ni, Pb) of samples are shown in Table 2 of ESM. Reduction of Cr(VI) from sludge, sewage and tannery samples is shown in Fig. 2a, b , c. Cr(VI) concentrations in most of tanneries and industrial effluents were found to be 10-40 ppm. This study was carried out using 100 ppm of Cr to meet the tolerance and removal efficiency of the bacterium under study. Complete reduction of Cr(VI) was observed in the samples within 6 h of incubation with A. xylosoxidans SHB 204 and Cr amended samples showed variations in metal reduction. Cr reductase enzyme activity was relatively more in Cr amendments. Addition of actively growing culture resulted complete reduction in Cr(VI) and increase in Cr reductase to 5.5 U. Increased enzyme activity observed in above case could be due to presence of other metal ions in polluted samples. Biosorption studies also showed variation in sorption (86-100%), which could be due to chemical composition of the pollutant sample, presence of other metal ion (Ni and Pb) and high toxicity due to generation of reactive oxygen species during its reduction process. A consistent result was observed with A. denitrificans in 50% Cd removal from sediments [30] , Enterobacter sp. in 85% Cd removal from industrial pollutants [31] , similarly 85% of Zn and Pb biosorption was observed by Achromobacter xylosoxidans sp. [32] . With respect to above observations there are very few studies on complete removal of Cr(VI) from polluted industrial effluents by Achromobacter xylosoxidans sp. and our study focuses on ability of our bacterium in high efficient reduction of Cr(VI) from environmental samples. Extracellular enzyme was fairly able to reduce 80-95% of Cr(VI) and in a study partially purified Cr reductase enzyme produced by Bacillus methylotrophicus was able to reduce 91% of Cr(VI) from tannery samples [12] . This is found to be advantageous for environmental studies as it is non-toxic to other bacterial cells, lower cost and simpler production process involved. Significance of this study was biosorption coupled bio reduction considered to be conventional method in removal of metal ions from environmental samples.
Adsorption Isotherms and Kinetics Study
Adsorption isotherms and kinetics of adsorption using modeling studies was carried out and in Langmuir adsorption isotherm study biosorption isotherm was plotted for Cr uptake (Q) against remaining metal concentration Cf (final concentration) and result was fitted and mathematically expressed using A. xylosoxidans SHB 204. The coefficient of determination (R 2 ) was 0.96253 and close to 1, indicates higher affinity of biomass in biosorption of Cr and favourable adsorption of Cr(VI) on the cell surface. Rate kinetics was calculated at specific time intervals of biosorption of Cr onto biomass and data obtained and plotted against time to determine a suitable kinetic model. The adsorption data was fitted into first order and second order kinetics (Fig. S6a, b and c) . The correlation coefficient R 2 was 0.99347 for first order, 0.95907 for second order states that pseudo first order best fitted with experimental values and it is found closer to 1 [33] . According to Ghani et al. kinetics study for adsorption of metal ions Cd, Cu and Pb etc. on varied adsorbents was carried out [34] and our study is considered as first kinetic study with A. xylosoxidans biomass as adsorbent in Cr(VI) removal from industrial pollutant sites.
Conclusion
This study shows that A. xylosoxidans SHB 204 can tolerate high concentration of heavy metal and reduced Cr(VI) both aerobically and anaerobically. The biomass of bacterium and chromium reductase was able to reduce Cr(VI) ions from synthetic as well as contaminated environmental samples. Adsorption process is best fitted into Langmuir model and it follows first order kinetics. Further research and exploration is needed to use A. xylosoxidans SHB 204 as a bioremediation tool both at lab scale and industrial sludge treatment plants.
